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Abstract Antarctic ecosystems are at risk from the
introduction of invasive species. The first step in the pro-
cess of invasion is the transportation of alien species to
Antarctic in a viable state. However, the effect of long-
distance human-mediated dispersal, over different time-
scales, on propagule viability is not well known. We
assessed the viability of Poa trivialis seeds transported to
Antarctica from the UK, South Africa and Australia by ship
or by ship and aircraft. Following transportation to the
Antarctic Treaty area, no reduction in seed viability was
found, despite journey times lasting up to 284 days and
seeds experiencing temperatures as low as -1.5C. This
work confirms that human-mediated transport may over-
come the dispersal barrier for some propagules, and high-
lights the need for effective pre-departure biosecurity
measures.
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Introduction
Human travel, tourism and trade have gradually eroded the
geographical isolation of regions, ecosystems and their
native biodiversity by the deliberate and inadvertent intro-
duction of non-native biota (Tatem and Hay 2007). The
introduction of alien species is now recognised as one of
the most significant threats to biodiversity worldwide
(Courchamp et al. 2003), posing both a threat to individual
species existence and being responsible for major changes to
ecosystem structure and functioning (Mack et al. 2000).
Antarctic terrestrial ecosystems (here defined as those found
south of 60S) are particularly vulnerable to alien species as
generally community structures are simple, species richness
is low and the native biota have life history strategies that
may limit their capacity to compete with introduced species
(Convey et al. 2006; Convey 2008). Alien species with
sufficient genetic or phenotypic plasticity to enable them to
adapt to the physical and biological stresses of the polar
environment may adversely affect or displace the native
biota. Under predicted climate change scenarios which
forecast substantial warming in the region (Thompson and
Solomon 2002), the number of species which could poten-
tially overcome these stresses is growing. Some regions,
such as the Antarctic Peninsula have already shown con-
siderable warming in recent decades (Turner et al. 2007).
Indeed, in the more climatically moderate sub-Antarctic,
numerous alien species have become established, are com-
peting with indigenous biota (for examples see Frenot et al.
2005; Frenot and Gloaguen 1994) and have caused taxo-
nomic homogenisation across the islands (Shaw et al. 2010).
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Antarctica’s isolation from other landmasses means
effective natural dispersal mechanisms are limited to wind
(Bargagli et al. 1996; Marshall 1996), ocean currents (cf.
Coulson et al. 2002) and transport in association with other
organisms and debris (Barnes and Fraser 2003; Barnes
et al. 2004; Hughes et al. 2006). The biodiversity of natural
colonisers may be limited to species with propagules which
are pre-adapted to withstand the stresses experienced in
transit (Bergstrom et al. 2006, Convey 2008; Convey and
Smith 1993), in essence those that can pass through ‘bio-
diversity filters’ (Bergstrom et al. 2006). The arrival of
humans in Antarctica, in the late nineteenth century, cre-
ated a new long-distance dispersal mechanism by which
alien species could access the continent. Currently, up to
33,000 tourists land in Antarctica each year, with the
majority visiting the Antarctic Peninsula region during the
austral summer, while up to 5,000 scientists and support
staff from over 40 nations occupy around 65 Antarctic
research stations (IAATO 2009; COMNAP 2009). Seeds
and other propagules have been found associated with
personal clothing and equipment, cargo, vehicles, building
materials and fresh foods, all of which are transported to
Antarctica predominantly by ship (Whinam et al. 2005,
Hughes et al. 2010, Lee and Chown 2009a, b; COMNAP
2009). Human-mediated intercontinental transport of
propagules is likely to occur under ameliorated conditions,
in comparison with those experienced during natural
transfer events, thereby increasing the likelihood of a
greater number and diversity of propagules arriving in
Antarctica in a viable state. During human-mediated
translocation, animal propagules may be more sensitive to
the environmental conditions and transport duration than
plant propagules. However, the range and proportion of
transported species that still have the potential to establish
after transportation is still not accurately known.
Home shipping ports of nations operating research sta-
tions in Antarctica are distributed across the globe,
including both the Northern (Europe, Asia and the US) and
Southern Hemispheres (S. America, S. Africa and Australia
and New Zealand). Cargo to re-supply these stations is
transported between c. 1,000 to over 16,000 km. As a result
of the considerable distances between home ports to Ant-
arctica, ship transit times can range from 2 days to several
months in duration (for a list of shipping ports used by
Antarctic operators, see Frenot et al. 2005). Most Antarctic
research stations, especially on the Peninsula, are within
2 km of the coast, and transport by shipping traffic delivers
propagules to sites which are not only ice-free but have
high environmental sensitivity and/or biodiversity (Poland
et al. 2003, Hull and Bergstrom 2006, Kim et al. 2007).
Transit by air is far more rapid and has the potential to
reach otherwise isolated areas, dramatically increasing the
potential for alien dispersal beyond coastal ‘islands’. Use
of aircraft has rapidly expanded amongst Antarctic national
operators for the movement primarily of personnel, but also
some cargo and foodstuffs into and out of Antarctica
(COMNAP 2009). The establishment of high-speed air
links (typically between 3- and 9-h duration) to isolated
Antarctic locations may accelerate biological invasions
(Frenot et al. 2005) through removing any propagule sur-
vival barrier provided by extended ship transit times.
This study investigated the impact of transportation by
ship and by ship and air on propagule viability, using Poa
trivialis seeds as model propagules.
Methods
Poa annua is an invasive species on most sub-Antarctic
islands and has become established on King George Island,
South Shetland Islands, and as such was considered ini-
tially as a model species for this study. However, Poa
annua was rejected due to concerns about the species’ high
level of invasiveness, and its potentially serious environ-
mental impact should it get through the quarantine pre-
cautions put in place during this study. Instead, P. trivialis
was chosen as a model species because it has been recorded
associated with cargo and personnel travelling to Antarc-
tica (Lee and Chown 2009a, b), it has already been
established at a location in continental Antarctica (Japan
1996; first established c. 1993, now eradicated, S. Imura
pers. comm. 2007) and is a persistent alien on three sub-
Antarctic islands (Frenot et al. 2005). P. trivialis is a
cosmopolitan grass species of European origin. It is a
vigorous invasive alien forming stands with high cover, can
displace indigenous vegetation and is one of the most
widely distributed alien species globally (Grime et al.
1988). The wide distribution reflects a high colonising
ability, mainly in areas subject to human activities or in
pioneer zones. P. trivialis is also known to be capable of
germination across a wide range of conditions and tem-
peratures from 5 to 30C (Williams 1983) the lower values
of which are commonly within the range of summer tem-
peratures experienced in some Antarctic regions (Vaughan
et al. 2003). The species forms dense clumps of seeds that
rely on wind or zoochory as a dispersal mechanism (though
not being well adapted to the latter); the seeds are less than
2 mm long and have no morphological aids to dispersal
(Grime et al. 1988). All seeds used in this study were
obtained from certified commercial seed suppliers to
ensure seed provenance and likelihood of high seed via-
bility (UK—Emorsgate seeds, King’s Lynn; Australia—
Barenbrog Research, Oergon; South Africa—Advance
Seed, Krugersdorp).
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Transport of seeds
Seeds (up to 0.2 g total mass) were sealed inside bags and
were transported to Antarctica from the United Kingdom,
South Africa and Australia in the dark (Fig. 1). Seeds were
sent from each national Antarctic operator headquarters or
logistic hub by ship (routes 1, 3 and 4) or by ship and
aircraft (route 2) to the Antarctic Treaty area (see Table 1).
The distance and transit time of the Antarctic shipping
supply route used by the British Antarctic Survey (BAS) is
typical of many national Antarctic operators in the North-
ern Hemisphere (route 1), while, those of the South African
National Antarctic Programme (SANAP) and Australian
Antarctic Division (AAD) are similar to other Southern
Hemisphere operators (routes 3 and 4). The aircraft transit
time (c. 5 h) is also representative of other Antarctic air-
craft operations travelling from a Southern Hemisphere
base (route 2). Seeds from the same batch were stored
under ambient laboratory conditions (*21C, dark) in the
UK, South Africa and Australia and used as non-trans-
ported controls.
The temperatures around the seeds during transport were
logged [UK ship and aircraft—Lascar USB loggers (Lascar
Electronics Ltd., Salisbury, UK) which logged every hour
(n = 2,976 and 3,888); Australian ship—Lascar USB
loggers which logged at 5-min intervals (n = 7,776); South
African ship—iButton Thermochron loggers (Model
DS1923, Dallas Semiconductors, Dallas, TX, USA) which
logged every hour (n = 2,047)].
Germination of seeds
Generally, germination trials of transported seeds were
performed following their return journey to Antarctica [i.e.
after transport from the home port to Antarctica and back to
the home port again; routes 1(ii), 3 and 4: see Table 1].
However, seeds germinated on arrival in Antarctica
included those from route 1(i) (ship only) and 2 (ship and
aircraft) (see Table 1). Non-transported control seeds were
stored under laboratory conditions and germinated after
they had been held for an equivalent period to the test seeds
which had travelled to Antarctica. For each germination
trial, around 100 seeds were selected for germination from
each of between three (Australia) or five (UK and
S. Africa) replicate seed bags (i.e. 3–5 9 100 individual
germination attempts per data point). Seed germinations
were performed on agar plates (UK, 1% w/v, Oxoid;
S. Africa, 1% w/v Merck Biolab) or moistened filter paper
(Whatman no. 1; Australia). Seeds were placed on the
substratum surface and incubated at between 17 and 22C
for up to 6 weeks. Germination was deemed as the emer-
gence of a radical. To determine whether there was a sig-
nificant difference in germination success between seeds
which were transported to the Antarctic and the non-
transported control seeds, data were arcsin-square root
transformed, and paired t-tests were conducted (Statistica
v8.0, StatSoft, Tulsa, USA).
Transportation of seeds from Australia to the Antarctic
Treaty area was performed according to the requirements
Fig. 1 Schematic representation of seed transportation routes from the UK, South Africa and Australia to the Antarctica Treaty area (south of
60S)
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of permit ATEP 07 08 2904. Germination experiments in
Antarctica were performed in the Bonner Laboratory
(Rothera Research Station) in accordance with the UK
Foreign and Commonwealth Office (FCO) Section 8 Per-
mit to Introduce Non-Indigenous Animals or Non-Native
Plants to Antarctica No. S8-1/2007. After use, all material
was sterilized by autoclaving.
Results and discussion
No significant reduction in Poa trivialis seed viability was
detected in any of the seeds transported to the Antarctic
Treaty area compared to the non-transported control seeds,
irrespective of journey route and duration, vessel type or
temperature regime associated with the storage location
within the vessel (see Table 2). This was despite transit
times lasting up to 284 days and covering [30,000 km.
Neither air transport (route 2) nor the transportation of seeds
in ships’ holds (routes 1, 2 and 4), cabins (routes 3 and 4) or
laboratories (route 4) made any difference to seeds viability.
This study has shown that the seeds of a common alien
plant species can be transported over long distances by ship
(routes 1, 3 and 4) and by ship and aircraft (route 2) without
a significant reduction in seed viability. Viability was
maintained irrespective of the different environmental
conditions experienced in the vessels en route. In particular,
the temperature ranges were not extreme, and the temper-
ature profiles produced in the course of the transportations
were not stressful enough to cause a reduction in seed
viability. Seeds in natural conditions (i.e. in soils of tem-
perate regions) are likely to be submitted to equivalent or
larger temperature variations, while species of the Poa
genus can survive in soil for up to several decades
(Thompson et al. 1997). In an Antarctic context, these
findings are significant, as most national governmental
operators transport all their cargo, and by implication any
associated propagules, either by sea (c. 39 ships; COMNAP
2006) or, to a lesser degree, by air (COMNAP 2009). For
example, each year the British Antarctic Survey (BAS)
transports *99% of its cargo to Antarctica by ship (c. 900 t)
with aircraft mainly used for passenger transport (c. 10 t
cargo and up to 150 passengers). As ships carry the majority
of cargo to Antarctica, they are almost certainly the domi-
nant mechanism for propagule dispersal to the continent.
For example, ship cargo (865 m3) destined for the UK’s
Halley Research Station, Brunt Ice Shelf, contained 176
seeds including a high proportion of seeds belonging to the
Poaceae (30.4%) and Asteraceae (32.1%) families, both of
which contain species invasive to sub-Antarctica (Frenot
et al. 2005; Lee and Chown 2009b). Soil associated with
construction vehicles was unintentionally transported by
ship to Antarctica from the Falkland Islands and South
Georgia (trip duration: 22 days; *3,300 km) (Hughes et al.
2010). The soil contained an estimated 40,000 seeds, and
seven alien plant species (including P. annua) were ger-
minated from seeds in soil subsamples and were therefore
viable following the journey to Antarctica.
The impact of air transport also should not be underesti-
mated, as it provides a mechanism for rapid intracontinental
transfer across Antarctic bioregional boundaries and pro-
vides the potential to move species into and around Ant-
arctica which do not have a resistant life-stage and which
therefore have limited natural dispersal potential (Frenot
et al. 2005; Convey 2008). Understanding how seed viability
changes during air transport is particularly important as this
is the means by which some of the most remote and poten-
tially environmentally sensitive field sites are accessed.
Table 1 Seed transportation routes and details
Route
number
Transport vessel Departing location Antarctic destination Transit time and approximate
distance
Seed storage area
1(i, ii) RRS James Clark Ross Immingham, UK Rothera Research
Station
(i) UK?Antarctica (122 days;
*14,500 km)
(ii) UK?Antarctica?UK
(284 days; [30,000 km)
Ship hold
2 (a) RRS James Clark
Ross




















near SANAE IV station
Return journey (no landing)
(85 days; [8,500 km)
Ship cabin
4 RV Aurora Australis Hobart, Australia Southern Ocean marine
science cruise to 68S
Return journey (no landing)
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The global success of the Poaceae family (including
P. trivialis) as invasive species (Daehler 1998) suggests
that many of its members have effective physiological pre-
adaptations to survive anthropogenic dispersal stresses.
However, although this study demonstrates that some
species may have substantial dispersal potential in the
Antarctic region, caution must be exercised when extrap-
olating these results to propagules of other taxa. This is
particularly relevant to those restricted to warmer lower
latitudes or with no resistant life cycle stage, as these
propagules may be susceptible to viability loss during the
transport process.
Conclusion and management implications
Awareness of the potential for serious ecosystem impact by
invasive species has increased within the Antarctic com-
munity in recent years (New Zealand 2006), and managing
the threat is currently considered to be of highest priority
by the Antarctic Treaty Consultative Meeting Committee
for Environmental Protection (ATCM/CEP) (New Zealand
2007). As eradication of alien species can be extremely
costly and is often not accomplished once species have
spread widely (Myers et al. 2000), prevention of initial
dispersal through management of the pathways by which
humans facilitate the transport and establishment of
organisms to new areas is by far the most effective form of
management. If transport to Antarctica has little impact
upon seed viability, adequate pre-departure biosecurity
methods are essential to reduce the risk of transfer of non-
indigenous species into Antarctica (reviewed in Hughes
and Convey 2010).
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